A digital micromirror device (DMD) is a kind of widely used spatial light modulator. We apply DMD as wavelength selector in tunable fiber lasers. Based on the two-dimensional diffraction theory, the diffraction of DMD and its effect on properties of fiber laser parameters are analyzed in detail. The theoretical results show that the diffraction efficiency is strongly dependent upon the angle of incident light and the pixel spacing of DMD. Compared with the other models of DMDs, the 0.55 in. DMD grating is an approximate blazed state in our configuration, which makes most of the diffracted radiation concentrated into one order. It is therefore a better choice to improve the stability and reliability of tunable fiber laser systems.
Introduction
Digital light processing (DLP) technology is well known for powering office and classroom projectors, digital cinema solutions, and high-definition televisions. At the heart of DLP technology is the digital micromirror device (DMD), a semiconductor-based array of thousands of individually addressable, tiltable, mirror pixels. These microscopic mirrors are arranged in a rectangular array, which can be individually rotated 12°along the diagonal line, corresponding to an "on" or "off" state during the display [1] . With success of DMDs as the core components used in optical microelectronic mechanical systems and spatial light modulators, a myriad of nonprojector applications are now being enabled by general-use DMDs, including volumetric display, holographic data storage, lithography, scientific instrumentation, and medical imaging [2] [3] [4] [5] [6] .
Compared with widely used liquid crystal devices (LCDs), DMDs have the advantage in the speed, precision, polarization insensitivity, and broadband capability. Therefore, a new application of DMDs has been attempted to be applied in tunable fiber lasers as wavelength selectors [7] . We have also achieved the use of DMDs to select wavelength and thus construct a DMD-based tunable fiber laser system [8] . The structure is shown in Fig. 1 , which mainly consists of an erbium-doped fiber amplifier (EDFA), a 90∕10 optical coupler, a polarization controller, a dual fiber collimator, a blazed grating, two lenses, and a DMD. The 90% broadband amplified spontaneous emission (ASE) noise from the EDFA is routed to the DMD through the dual fiber collimator. The ASE is dispersed by the blazed grating with 1559-128X/12/307214-07$15.00/0 © 2012 Optical Society of America 1200∕mm in different directions and then illuminates linearly along the active window of the DMD by the lens 2. By driving the appropriate mirror-pixel block to tilt as illustrated in Fig. 1(b) , most of the diffracted radiation from the DMD grating is concentrated in a certain order that reflects nearly along the incident path into the collimator, while the others are dropped out with dramatic attenuation. The selected wavebands are amplified by the EDFA, leading, after several recirculations, to high-quality single-mode laser generation. Hence, the fiber laser can be tuned by simply driving the various pixels of the DMD. Figure 2 is the measured curve of ASE gain noise from an EDFA. The EDFA used in the laser system is a C-band amplifier, having signal gain of 20 dBm and a flatness degree of 3.5 dB. The EDFA's pump laser is driven by a current of 500 mA. The inset is the measured curve of an arbitrary wavelength selected by the DMD when the optical loop is open. The total insertion loss of the bulk optic component from the input and output ports of a dual fiber collimator was around 11.6 dB, which was mainly due to (1) the lens reflection loss, (2) the blazed grating loss, and (3) diffraction loss and insertion loss of the DMD. Among them, the DMD diffraction loss is the major cause to deteriorate laser signals. As we know, the DMD is actually a two-dimensional "blazed" grating, for which the diffractive behavior in near-infrared wavelengths is evident. For the standard 0.7 in. extended graphics array DMD with pixel pitch 13.68 μm [9], several discrete well-resolved diffractive peaks are observed over a sufficiently large solid angle, which are challenging to couple into the fiber. Therefore, how to maximize the diffraction efficiency and concentrate most of the diffracted energy to the desired order routed into the fiber collimator is important for the stability of the laser output. In the following section, we will analyze the diffractive issue of the DMD and reveal the dependence of diffraction efficiency and pattern on the pixel spacing and the incident angle, so as to reduce the free-space loss and improve the stability of the whole system.
Pixel Coding of a DMD
Consider the DMD composed of 2M 1 × 2N 1 square mirrors with side length δ 0 . All mirrors are made to individually rotate 12°tilt angle along their diagonals once a voltage pulse is applied to the address electrodes under the mirrors. A coordinate system (xyz) is established on the active window of the DMD with the origin at the center of a mirror right in the middle as shown in Fig. 3 (a). All mirror pixels are encoded by the location of their center. Meanwhile, a local coordinate system (ξηζ) illustrated in Fig. 3 (b) is introduced in a mirror P mn . Due to the fill factor of the mirror-pixel area up to 90% for a standard DMD [9] (the fill factor is the ratio of the active reflecting area to the total area of the array of mirrors), the area of a single pixel is approximately equal to the mirror size δ 2 0 . Suppose a monochromatic plane wave illuminating the DMD working region, under the Fraunhofer condition; the diffraction field from differential segment ds dξdη (Q) in the mnth pixel [see Fig. 3 
where A 0 is the initial amplitude of the wave, Δ 00 mn x; y is the optical path difference (OPD) between the rays from the center P mn to the origin O, and Δ 0 ξ; η is that from the point Q to P mn within a pixel. Hence, integration of Eq. (1) yields the total electric amplitude A contributed by all pixels in a DMD; that is
where the sum is independent of the integral in the calculation. 
Optical Path Difference
A monochromatic plane wave, represented by a pair of rays 1 and 2 inclined at the same angle, arrives at points A and R on a pixel (see Fig. 4 ). The path difference between the two rays is then
where ⃗ ν AR is the vector from a point A to R and ⃗α is the unit vector of incidence. Select an arbitrary point Qξ; η; ζ on a mirror, and the path difference between the rays along ⃗α and ⃗α 0 at points P and Q can be determined by dropping two perpendicular lines from Q onto ⃗α and ⃗α 0 at G and G 0 , respectively (see Fig. 5 ). This path difference is given by
The plane equation of a tilting mirror by rotating ψ angle along its diagonal is
Substituting Eq. (6) into Eq. (5), thus Referring to Eq. (5), the path difference Δ 00 mn between the rays along ⃗α and ⃗α 0 at P mn and the origin O is then
Substituting Eqs. (7) and (9) into Eq. (2), the dependence of the diffraction pattern on ⃗α 0 can be determined if the incident wave ⃗α is given.
Single-Pixel Diffraction
The DMD is actually a two-dimensional ordered reflection phase grating. The diffraction contribution of a mirror pixel is similar to that of a slit in the onedimensional multiple-slit diffraction grating. When we integrate Eq. (2), we neglect the effect of small tilting angle on the domain of integration and approximately obtain the single-pixel diffraction of a DMD, that is
To simplify the appearance of things, let
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Therefore, the corresponding flux-density distribution is given by neglecting the constants.
I 0 jA 0 j 2 δ 4 0 sin c 2 u 0 · sin c 2 u 00 :
To analyze the diffraction pattern, it is convenient to transfer a rectangular coordinate into a polar co- 
So the flux-density distribution is I 00 jA 00 j 2 sin 2 2Mν 0 sin 2 2Nν 00 sin 2 ν 0 sin 2 ν 00 ;
where
In the polar coordinate, Eq. (17) is rewritten in the form v 0 πδ 0 λ sin θ cos ϕ − sin θ 0 cos ϕ 0 ;
v 00 πδ 0 λ sin θ sin ϕ − sin θ 0 sin ϕ 0 :
According to the grating equation, the irradiance maximum should satisfy the following condition; that is v 0 πδ 0 λ sin θ cos ϕ − sin θ 0 cos ϕ 0 pπ v 00 πδ 0 λ sin θ sin ϕ − sin θ 0 sin ϕ 0 qπ 19 with p, q 0; 1; 2; . The p; qth-order irradiance maximum is labeled as I 00 pq in short. We define two parameters g p θ 0 ; ϕ 0 , h q θ 0 ; ϕ 0 as follows:
or the equivalent form is tan ϕ h q θ 0 ; ϕ 0 g p θ 0 ; ϕ 0 qλ∕δ 0 sin θ 0 sin ϕ 0 pλ∕δ 0 sin θ 0 cos ϕ 0 : (21)
According to Eqs. (20) and (21), if the incidence θ 0 ; ϕ 0 is provided, the resultant diffraction θ; ϕ pq of I 00 pq can be determined.
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Discussion
Based on the theory above, we take two standard DMDs as an example to analyze the diffraction issue. The incident wavelength is 1550 nm used in the calculation.
(1) A 0.7 in. DMD composed of (1024 × 768) pixels with the mirror pitch δ 0 13.68 μm.
For simplicity, suppose the wave is incident vertically upon the tilting mirror in the angle-bisecting plane in the first octant, namely θ 0 168°, ϕ 0 45°. Figure 6 is shown the resultant diffraction distribution. Two sharp irradiance-maximum peaks are observed at θ 6.5°and 15.8°, with the multiple-pixel interference peaks modulated by the singlepixel diffraction.
Furthermore, in the tunable fiber laser shown in Fig. 1 , the irradiance maximum of diffraction should be confined within the aperture of the lens 1; thus it is possibly coupled into the fiber ring cavity to form the laser. Therefore, the constraint condition is expressed as follows:
where ⃗α is the unit vector of incidence and ⃗α 0 p;q is that of p; q-order diffraction irradiance maximum. Δθ tan −1 12.7∕75 ≈ 9.7°(12.7 and 75 mm are the aperture radius and focal length of the lens 1, respectively). Table 1 gives the entire irradiance maxima over a sufficiently large solid angle and the corresponding diffraction angle (θ∕ϕ) and relative intensity Iθ; ϕ of each p∕q-order irradiance maximum. The results show that there are only four irradiance maxima left, which satisfy both the constraint condition and intensity requirement. They all distribute in symmetry of the bisection plane. Those peaks in intensity less than 0.03 or those that do not satisfy the constraint condition are neglected. Furthermore, in order to prove the validity of the theoretical model, we use an infrared fluorescence card to detect the diffraction Fig. 6 . Diffraction distribution of light radiating on a 0.7 00 DMD with the wave incident vertically upon the tilting mirror in the angle-bisecting plane in the first octant (red curve for single-pixel diffraction, blue curve for multiple-pixel interference). irradiance maxima by illuminating a 0.7 00 DMD with light in 1550 nm wavelength. There are really four discrete well-resolved diffractive peaks observed over a large solid angle, which is quite in agreement of the theory. However, in the fiber laser system, only the brightest order of diffractive light I −3;−3 ≈ 0.279 is adjusted to reflect nearly along the incident path, while the other peaks with about 70% energy are dropped out. Hence, a 0.7 00 DMD as a component used in the fiber laser system deteriorates the stability of the system.
(2) A 0.55 00 DMD composed of (1024 × 768) pixels with the mirror pitch δ 0 10.8 μm. The wave with wavelength 1550 nm is also incident at the position θ 0 168°, ϕ 0 45°.
For a 0.55 00 DMD, there is only one peak of the irradiance maximum within the envelope curve of single-pixel diffraction, as illustrated in Fig. 7 . Due to the peak of multiple-pixel interference close to the single-pixel maximum, that is, approximately the blazed grating condition, most of the diffracted radiation is concentrated in one order, so that the relative intensity I −2;−2 is about 0.98, approaching 1. In the experiment, if the light is incident at the angle θ 0 168°, as shown in Fig. 8 , the diffractive peak from the tilting mirror is proved to reflect nearly along the incident path. Meanwhile, the light reflected from the flat mirror cannot be coupled into the ring cavity. Thus, by driving some block of mirrors to tile, we can select the wavelength reflected from the corresponding tilting mirrors into the fiber ring, so that these selected wavebands are amplified by the EDFA, leading, after several recirculations, to high-quality single-mode laser generation. Figure 9 shows the experimental results of laser output based on a 0.55 00 DMD. The laser tuning range is 1530-1560 nm with the tuning resolution 0.08 nm. The FWHM of a lasing line is about 20 pm, and the side mode suppression ratio (SMSR) is greater than 50 dB. Therefore, a 0.55 00 DMD is proved to be a good choice to improve the stability and reliability of the laser system.
Concluding Remarks
DMD as a spatial light modulator has been widely used in many areas. Compared with LCD, DMD has the advantage in the speed, precision, polarization insensitivity, and broadband capability. We successfully employed DMD as a wavelength selector in tunable fiber lasers and studied the dependence of diffraction properties of this kind of a twodimensional DMD grating on the incident angle and pixel spacing. The diffraction orders and intensity distribution of DMDs in 0.7 and 0.55 in. size with different pixel spacing are discussed in detail. The diffraction of a 0.7 00 DMD is a little far away from the blazed grating condition as the energy is distributed in four diffractive peaks, resulting in low efficiency. For a 0.55 00 DMD, however, most of the diffracted radiation is concentrated into one order in the approximate blazed state, which is therefore a better choice as a wavelength tuner to improve the stability and reliability of the laser system.
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